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We investigate the role of walk-off in the evolution of a weak cw wave in the anomalous-dispersion regime
modulated by an intense picosecond pulse through cross-phase modulation. The cw wave can evolve into a short
pulse whose duration and amplitude will depend on the degree of walk-off. When the walk-off length is shorter
than necessary for short-pulse formation, the signal wave becomes amplitude modulated with a modulation depth of
a few percent. In this case a frequency chirp exists in the signal wave, which can be used to generate short pulses on
propagation through an appropriate dispersive element.
We investigate the role of walk-off in the case of a weak cw
wave (signal) interacting with an intense picosecond pulse
(pump) through cross-phase modulation (XPM) in an opti-
cal fiber. XPM corresponds to the phase modulation that
an optical field suffers because of the refractive-index
change caused by another optical field. It is important
whenever two optical fields copropagate and at least one of
them is intense.1-7 If the signal wave is in the anomalous-
dispersion regime and the pump pulse is in the normal-
dispersion regime, the signal evolves to a short pulse after
some fiber length, as calculated by Schadt and Jaskor-
zynska.1 Here we show that walk-off between the signal and
pump waves can affect the evolution of the signal wave and
in some cases inhibit its evolution into a pulse. When walk-
off is present, the calculated signal pulses are longer and less
intense, and a longer fiber is necessary to form them.
We consider two optical fields, denoted p (pump) and s
(signal), copropagating in a single-mode optical fiber. Us-
ing the slowly varying envelope approximation, the field
amplitudes are described by the following equations:
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are the field amplitudes normalized with respect to the
pump peak power, wp and w, are the pump and signal carrier
frequencies, respectively, ,,pt = 2f35,p/aWSp 2, and f3s and f3p






are the normalized coordinates, where t is the pump pulse
duration (full width at half-maximum, FWHM), and v is
the signal group velocity. Ld, La,, and L, are the dispersion,
nonlinearity, and walk-off characteristic lengths, respective-
ly, which are given by
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where vp is the pump group velocity and
wpn2 (6)
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with n2 being the nonlinear refractive index of silica (3.2 X
10-16 W/cm 2). Aeff is the effective core area, and c is the
speed of light in vacuum. The first term on the right-hand
side of Eqs. (1) and (2) describes the self-phase modulation,
whereas the second term describes the XPM effect that is
responsible for the coupling between both equations. The
walk-off between pump and signal is taken into account in
the second term of Eq. (1). We have solved these equations
numerically, using the technique described in Ref. 8. In this
paper we show the results for the case of a Gaussian pump
pulse with 50-psec and 50-W peak power at 1.06 Asm and a cw
signal wave with 5 mW of power at 1.60 Arm. We have
considered a single-mode optical fiber with 7.0-,um core di-
ameter and dispersion of 28 psec/(km-nm) at 1.06 m and
-20 psec/(km-nm) at 1.60 ,um.
The cw signal wave is phase modulated by the pump pulse.
Since this modulation depends on the time derivative of the
pump pulse intensity, the signal region overlapping the
pump pulse leading edge will be downshifted, whereas the
region overlapping the trailing edge will be upshifted. The
signal wavelength was chosen to be in the anomalous group-
velocity dispersion region. In this way the higher frequen-
cies will travel faster than the lower frequencies, giving rise
to an amplitude modulation. As the fiber length increases,
the signal amplitude modulation becomes stronger and,
eventually, develops into a short pulse superimposed upon
the cw level background. The signal pulse generated in this
way can be much shorter than the pump pulse. The results
of our calculations for a normalized fiber length = 5.2 X
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Fig. 1. (a) Solid curve shows the signal pulse shape and the dashed
curve the pump pulse shape for t = 5.2 X 10-3 (z = 480 m) in the no-
walk-off case; (b) and (c), same as (a) for Mu, = 1.1 X 10-2 and 2.7 X
10-3 (L, = 1000 m and L,,, = 250 m), respectively.
10-3 (z = 480 m) are shown in Fig. 1. Here, the solid curves
show the signal intensity and the dashed curves show the
pump pulse. When there is no walk-off between pump and
signal [Fig. 1(a)], the signal pulse duration is minimum,
whereas its intensity is maximum at t = topt = 5.2 X 10-3. At
this fiber length, the signal wave presents a sharp peak
whose duration is -2.2% of the initial pump pulse duration,
which corresponds to 1.1 psec. Further propagation would
lead to the growth of lateral pulses, in agreement with the
results of Schadt and Jaskorzynska.1
The signal wave evolution into a short pulse can be severe-
ly affected in the presence of group-velocity mismatch be-
tween pump and signal. When the pump travels slower
than the generated signal modulation, the interaction be-
tween them decreases with the propagated length, and the
phase modulation imposed on the signal by the pump pulse
is delayed as both waves propagate. In this way the signal
phase modulation will depend on the fiber length, resulting
in an asymmetric signal pulse that is delayed with respect to
the pulse obtained when there is no walk-off. In the case of
a slight group-velocity mismatch such that the pump does
not completely walk off the signal [Fig. 1(b)], the generated
signal pulse is delayed with respect to the pulse, shown in
Fig. 1(a). The signal pulse shape starts to develop some
asymmetry but does not differ significantly from that in the
no-walk-off case [Fig. 1(a)]. This occurs because to > tOpt,
where t = LwILd and topt is the normalized fiber length
necessary to form the shortest pulse in the no-walk-off case.
In physical units, this situation corresponds to the case when
L, > Lopt Lopt being the fiber length corresponding to t =
topt. For the pulse obtained in Fig. 1(b), t = 1.1 X 10-2 (L.
= 1000 m), whereas topt is only 5.2 X 10-3 (Lopt = 480 m).
However, if t, becomes smaller than topt (L. < Lopt) the
situation is quite different, as can be seen in Fig. 1(c) for tV =
2.7 X 10-3 (L, = 250 m). In this situation the signal pulse is
asymmetric and longer than in the no-walk-off case. If tU) is
further decreased to 5.4 X 10-4 (L, = 50 m), no pulse is
formed, and the signal presents only a small amplitude mod-
ulation with a depth of 2%.
There is an optimum fiber length to obtain the maximum
peak power that corresponds to the shortest pulse. Figure 2
shows the signal wave peak power normalized with respect to
the initial pump peak power as a function of fiber length.
The walk-off tends to increase the propagation length neces-
sary for the pulse formation and to decrease the maximum
peak power achievable. When to is greater than topt, the
shortest signal pulse duration is 1.1 psec and is obtained at t
= topt = 5.2 X 10-3 (Lopt = 480 m), as can be seen in Figs. 1(a)
and 1(b). Even in this situation, the signal pulse is not
powerful enough to cause self-phase modulation, so that its
evolution will be affected only by the XPM and the fiber
dispersion. If t, is smaller than topt, the pulse obtained at t
= topt (z = Lopt) is longer than in the no-walk-off case, as can
be seen in Fig. 1(c). Here tU) = 2.7 X 10-3 (L, = 250 m) and
the signal pulse duration is 6.6 psec, which corresponds to
13% of the initial pump pulse duration. An important fea-
ture in this case is that the signal pulse has a positive linear
chirp in its central part, so that further propagation in the
fiber would lead to pulse compression. In this way a 2.5-
psec pulse is obtained for t = 8.3 X 10-3 (z = 760 m), as can
be seen in Fig. 3(a).
We have considered only the cases when the signal wave
travels faster than the pump. If that situation is reversed,
tU) will be negative, but the general signal behavior will not
change. Since the pump pulse is symmetric, everything
happens as if time were reversed. In this way the pulse
shape for negative to is a reflection of the one obtained for
positive t,, as can be seen in Fig. 3(b). Here the solid curve
is the normalized pulse power for the case of tU) = 2.7 X 10-3
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Fig. 2. Normalized signal wave peak power as a function of fiber
length for several walk-off lengths.
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intensity derivative at the center of the pulse becomes negli-
gible, and the signal part overlapping this region ceases to be
spectrally broadened.
The signal wave approaches the same bandwidth in the
case of no walk-off and t = 1.1 X 10-2 (L, = 1000 m).
However, the calculation shows that the spectrum is sym-
metrically broadened in the first case [Fig. 5(a)] but asym-
metrically broadened in the latter case [Fig. 5(b)]. The low-
frequency side has more frequency components than the
high-frequency side when walk-off is present because the
pump pulse travels slower than the generated signal modula-
tion. After some fiber length the signal modulation inter-
acts only with the leading edge of the pump pulse, giving rise
to new frequencies only on the low-frequency side. When t,,
= 2.7 X 10-3 (L, = 250 m) and 4 = 3.8 X 10-3 (Z = 350 m), the
signal spectrum extends to the low-frequency side two times
as much as to the high-frequency side. The situation would
be inverted if to < 0; the signal modulation would interact
more with the pump trailing edge, so that the high-frequen-





Fig. 3. Normalized signal power at 4 = 8.3 X 10-3 (Z = 760 m) for (a)
= 2.7 X 10-3 (L, = 250 m) and (b) 4,, = -2.7 X 10-3.
t sign does not change the chirp sign at the main portion of
the signal modulation. Thus the signal modulation needs
the same value and sign of dispersion to be developed into a
short pulse.
The increase in the shortest signal pulse duration with the
group-velocity mismatch is caused by a decrease in the sig-
nal bandwidth, as can be seen in Fig. 4. Here the signal
spectral width (FWHM) is shown as a function of fiber
length for the cases of no walk-off and 4 = 2.7 X 10-3 and 4 =
5.4 X 10-4 (L, = 250 m and L. = 50 m). The bandwidth
increases until approximately 4 = 3.8 X 10-3 ( = 350 m) for
the second case and = 5.4 X 10-4 (z = 50 m) for the last case
and then starts to decrease. This slow spectral narrowing
occurs because, at these fiber lengths, the generated signal
modulation interacts only with the pump leading edge. In
this way the pump pulse will downshift the part of the
spectrum that temporally overlaps the pump pulse, that is,
the high-frequency side. As a consequence, this part of the
signal spectrum will decrease, whereas the low-frequency
side will not be affected, giving an overall bandwidth de-
crease. For fiber lengths long enough that the pump and
signal pulses do not interact, the signal spectral bandwidth
remains the same, as can be seen in Fig. 4 for t,, = 5.4 X 10-4
(L, = 50 m) and t > 5.4 X 10-3 (z > 500 m). We have a quite
different situation when there is no walk-off; the signal and
pump pulses always overlap, and one would expect no spec-
tral broadening saturation. However, since the pump pulse
is in the normal-dispersion regime, it is temporally broad-
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Fig. 5. Signal spectrum for (a) the no-walk-off case and (b) ,, = 1.1
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Fig. 6. Normalized signal intensity (solid curve) and chirp (dashed
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Fig. 7. Resultant pulse intensity after propagating the signal mod-
ulation showed in Fig. 6 through 3.2 km of fiber (4 = 3.5 X 10-2).
We can see that the optimum fiber length is longer than
the fiber length at which the spectral broadening saturation
occurs. This indicates that the fiber group-velocity disper-
sion plays an important role in the pulse evolution. The
shortest achievable pulse depends on the maximum band-
width that the signal can acquire. On the other hand, the
fiber length necessary to achieve the shortest pulse depends
on the fiber dispersion. The calculated bandwidth from
Fig. 3 for the cases of no walk-off, t = 2.7 X 10-3, and to =
5.4 X 10-4 (L, = 250 m and L, = 50 m) are 7.0, 4.4, and 0.8
nm, respectively (Aw/co = 4.4 X 10-3, 2.8 X 10-3, 5.1 X 10-4).
We have calculated pulses with durations (FWHM) of 1.1
psec (2.2% tp) and 2.5 psec (5% tp) for the first two cases.
These pulses present very long wings and are not transform
limited.
For t) << 4opt when only a small modulation depth occurs,
the frequency sweep across the main portion of the modula-
tion induced on the signal wave is still linear and can be
compensated for by propagating the signal modulation
through a medium with negative dispersion. In Fig. 6 the
solid curve shows the signal intensity, and the dashed curve
shows the signal chirp for a normalized fiber length of 4 = t,
= 5.4 X 10-4 (z = L = 50 m). At this fiber point the spectral
broadening is saturated (Fig. 4), and only a 2% amplitude
modulation extending for -150 psec (-3 t) exists. By
propagating this modulation through a 3.2-km-long fiber (4
= 3.5 X 10-2), a pulse with duration of 0.134tp (6.7 psec)
would be obtained (Fig. 7). In this situation the contrast
between peak and background is 10:1, which is smaller than
that obtained in the no-walk-off case,30:1. The fiber length
necessary to form the signal pulse could be reduced if a fiber
with more dispersion at the signal wavelength were used.
An alternative would be the use of a grating pair as a nega-
tively dispersive delay line to compensate for the pulse
chirp.9 Using a 1200-groove/mm grating pair separated by
0.25 m would cause the same effect as using the 3.2-km-long
fiber.
In summary, we have studied the walk-off effect in the
evolution of an initial cw wave copropagating with an intense
picosecond pulse. We have shown that the walk-off be-
comes important when the walk-off length is smaller than
the optimum fiber length for the no-walk-off case. The
bandwidth that the signal pulse can acquire is reduced when
there is walk-off. As a consequence, the pulses generated
are longer than the ones obtained in the no-walk-off case.
The fiber length necessary to obtain the shortest pulse will
depend on the degree of walk-off and on the fiber dispersion,
and a grating pair can be used to provide the necessary
dispersion.
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